Abstract. Motivated by the non-negligible dynamical backcoupling of the electroweak interactions with the strong interaction during neutron star mergers, we study the effects of the explicit breaking of C, P and flavor symmetry on the strong sector. The quark propagator is the simplest object which encodes the consequences of these breakings. To asses the impact, we study the influence of especially parity violation on the propagator for various masses. For this purpose the functional methods in form of DysonSchwinger-Equations are employed. We find that explicit isospin breaking leads to a qualitative change of behavior even for a slight explicit breaking, which is in contrast to the expectations from perturbation theory. Our results thus suggest that non-perturbative backcoupling effects could be larger than expected.
Introduction
One of the most remarkable observations of this century so far is the one of gravitational waves [1] . This has opened a new window to investigate the universe. One target for investigations using gravitational waves are binary neutron star mergers. Various investigations show that the form of the gravitational waves is influenced by the electroweak interactions, due to the dynamical back coupling with the strong interaction in such dense environments, see [2] [3] [4] [5] [6] [7] [8] and references therein.
A first-principles study of this requires a fully coupled, non-perturbative treatment of this system. However, due to the enormous complexity a fully backcoupled analysis is too complicated as a first step. Thus we focus here on a few particular aspects of the backcoupling of the electroweak interactions to the strong sector. These are the explicit breaking of the C, P and flavor symmetry.
Symmetries reduce, by virtue of the Wigner-Eckhart theorem, the structure of the correlation functions. Therefore the explicit symmetry breaking induces a richer tensor structure. The quark propagator (QP) is the simplest object to exhibit the full additional complexity, which we will thus analyze here and discuss its most pertinent features. A full investigation of this will be available elsewhere [9] .
To do so, we have to cope with very large differences in energy scales and parity violation. This limits our choice of possible methods, and makes especially lattice gauge theory not feasible at the moment. Rather, we turn to functional methods, especially Dyson-Schwinger equations (DSEs). These are a continuous, covariant and non-perturbative formulation and allow us to access high and low a e-mail: walid.mian@uni-graz.at b e-mail: axel.maas@uni-graz.at energies at the same time. Their major drawback is that they lead to an infinite tower of coupled non-linear integral equations, which need truncations to be solved. Nevertheless these methods yield good results at various levels of sophistication to determine the QP, see e. g. [10] [11] [12] [13] [14] and references therein.
In this study we restrict ourselves to the so-called rainbow-ladder truncation. This truncation conserves the most important features for our purpose, like dynamical mass generation and the correct treatment of chiral symmetry [10, 11, 13] . Further details about our ansatz and the corresponding DSEs are given in section 2.
We find that the mass splitting between the quarks in an isospin doublet leads to a threshold symmetry breaking strength, which is still very small, but were we already see a qualitative change in behavior for parity violation. Based on perturbation theory, this is not expected. This result will be discussed in section 3.
In the end we summarize our results in section 4.
Basics and Methods
To investigate the dynamical backcoupling from the breaking of C, P and flavor symmetries and avoiding all the complexities coming from the full electroweak interactions, we insert an explicit breaking term in our Lagrangian to keep it as simple as possible. Inspired by the propagation of the quarks from one flavor into another in the presence of the electroweak interactions, we only consider the flavor breaking for the QPs of the same generation. This together with the C and P violation leads to
where ψ u and ψ d denotes the fields for the up-like quarks and down-like quarks with the corresponding left handed fields ψ L . g s is the strong coupling and g w is the effective symmetry breaking strength. m u and m d are the bare masses, which are put to 2. The effective Lagrangian L Effective violates parity, because it only consists of left-handed fields. By charge conjugation, left-handed fermion fields are transformed into right-handed anti-fermion fields. Because the effective Lagrangian couples left-handed fermion fields with left-handed anti-fermion fields, it violates also charge conjugation. Therefore it has the desired properties. But in addition to C, P and flavor violation it also violates charge conservation, which is not violated in the standard model. Rather, in the standard model the decay process of a down-quark into an up-quark at low-energies happens by emission of an electron and an anti-electron neutrino. Thus, the breaking term implies a coupling with a reservoir of leptons, a constant external field. In fact, this is well motivated given that our ultimate goal is the study of binary neutron star mergers, which provide such a reservoir [2] [3] [4] [5] [6] [7] [8] .
As already mentioned symmetry breaking leads to a more complex tensor structures for the correlation functions and thus the QPs has in addition to the usual vector and scalar channels also non- vanishing axial and pseudo-scalar channels. Besides this, we also have non-vanishing QPs for mixed flavors. So the QP from flavor A to flavor B is given by
whereÃ,B,C andD are the corresponding dressing functions. For a better understanding, let us state the QPs at tree-level, which are given by
The tree-level propagator reveals the different contributions to the QPs. For example the scalar channel at tree-level is proportional to the bare masses and thus depends on explicit chiral symmetry breaking. As will be seen, the most important contribution in our analysis is the contribution to the pseudoscalar channel, which is proportional to the mass splitting between the up-like and down-like quarks. At tree-level this contribution is only present in the pseudo-scalar channel, but for the full propagator all channels talk to each other and will become sensitive to the mass splitting. This will have a huge impact, as shown in section 3,
The diagrammatic representation of the DSEs is shown in figure 1 . On the diagonal, we see the QPs for the pure flavor and on the off-diagonal the QPs for mixed flavors. The right-hand side has two contributions. The first are the tree-level terms, which include in our ansatz also off-diagonal elements. The second terms on the right-hand side come from the QCD interactions. If the explicit breaking is switched off, all off-diagonal elements vanish, and ordinary QCD is recovered. The full derivation of the DSEs will be discussed in [9] .
EPJ Web of Conferences
To solve these DSEs requires knowledge of the full gluon propagator and the full quark-gluonvertex, which satisfy further DSEs. To deal with this, we employ the rainbow truncation [10, 11, 13] . This truncation replaces the full gluon propagator and the full quark-gluon-vertex by the bare quarkgluon-vertex and an effective coupling α. In this truncation the DSEs reduce to [9] 
where the different Zs are the renormalization constants and k = q− p. Λ represents a translationallyinvariant regularization with the UV-cutoff Λ. It remains to specify α. We choose the Maris-Tandy coupling as an effective coupling, as it has the right perturbative behavior at large momenta and ensures dynamical mass generation [15] . It is given by
with the parameters m t = 1.0 GeV, ω = 0.4 GeV, D = 0.93 GeV 2 and Λ QCD = 0.234 GeV fixed to the properties of the pion as in [15, 16] . The anomalous dimension γ m = 12/(11N c − 2N f ) is set for N f = 2 and N c = 3, because each quark generation is considered on its own. The numerical solutions of these equations can be performed using standard methods, and will not be detailed here further [9] .
Parity Violation
The appearance of the axial-and pseudo-scalar channel is due to parity violation. Starting therefore with the axial channel, its tree-level value is, from (3),
HenceC has to be positive in the UV because of asymptotic freedom. The full result, shown in figure  2 , obeys this. However, something interesting happens at low momenta. For sufficiently small breakings, g w 10 −5 , there exists a transition scale at around 1 GeV for up and down quarks whereC changes sign. Starting from a slightly larger coupling g w ≈ 5 × 10 −5 , this is no longer true for the down quark, wherẽ C remains positive for all momenta. Thus there is a threshold strength, whereC changes its qualitative behavior for the down quark. This change of behavior is given by the mass splitting between the up and down quark. This can be seen also in figure 2 , since for the mass degenerate case this does not occur. There the transition scale for the sign change exists for all investigated strengths.
For the top and bottom quark we already see the change of behavior at g w ≈ 10 −5 , and thus a lower value. This can be understood already from the pseudo-scalar channel of the tree-level propagator (3). The contribution, which changes the behavior, is proportional to the mass splitting between the quarks and the strength. Thus for top and bottom quark, where the absolute value of the mass splitting is increased, less strength is needed for the same effect. At the same time the transition scale is shifted Figure 2 . The axial channel for the up and down quark (top panels), and for the top and bottom quark (bottom panels). For the physical quark masses (left-hand side), the heavier quark of the same generation (down and top) have a qualitative change of behavior in the IR above the threshold strength:C remains positive for all scales in contrast to the other quarks, where a transition scale exists for a sign change. The change of behavior is due to the mass splitting between both quarks, which is shown on the right hand side: If both quarks have the same massC changes again its sign. The threshold strength is decreased for higher values of the mass splitting, which is seen inC for top and bottom. The change of behavior in this case is also present at g w = 10 −5 , where for up and down no change of behavior is visible.
towards higher values. This is due to higher bare quark masses for top and bottom. This effect could be triggered by the vector channel of the mixed QPs. They are given at tree-level bỹ To analyze the effects of parity violation, we consider the left-handed and right-handed projections of the QPs,L AB andR AB respectively. They are given bỹ
EPJ Web of Conferences It is useful to define their relative ratior AB as
r is positive, if we have dominantly left-handed contributions to the QPs and negative for dominantly right-handed contributions.Ã is always positive for pure flavor QPs, which is discussed in [9] . Hence the information about the direction of the dominant contribution for QPs is directly related to the sign ofC.
In the analysis for the axial channel we found a transition scale for the sign change. This directly leads to different dominant contributions above and below the transition scale. This is depicted in figure 3 . On the left hand side we plot the results for physical quark masses of up and down quark. At g w = 10 −5 , which is below the threshold strength,C has a sign change for up and down quark. Therefore the QP has dominantly right-handed contributions in the UV and dominantly left-handed contributions in the IR. Above the threshold strength, the down quark has dominantly right-handed contributions for all scales.
The same is true for the top quark, becauseC has no sign change for the top quark even at lower breaking strength, see figure 2 bottom left. The change of dominant contribution for the QPs is due to the sign change of the axial channel, which is always present for degenerate masses. We conclude that due to the mass splitting of the quarks parity violation in the IR is in different directions above the threshold strength. The heavier quark has dominantly right-handed contributions and the lighter quark has dominantly left-handed.
Considered from the point of view of the back-coupling, this has an intriguing implication. The breaking terms mimic the electroweak interactions, while the QCD interaction describes the propagation through the QCD vacuum. At tree-level, mass-splittings introduce a (trivial) flip of helicities of the quarks over a sufficiently long distance. This helicity flip is suppressed by the back reaction of the QCD vacuum over long distances for the heavier quark flavor, if there is a mass splitting and sufficiently strong back-coupling. Since the helicity is important for other electroweak interactions, the back-coupling could deplete or increase the available amount of quarks in a neutron star, if the same behavior persists in the full case. However, this non-linear back-coupling effect is not only limited to this helicity flip. Consider the absolute value of the relative ratio. It is shown in in figure 4 . Increasing the breaking strength by one order of magnitude increases the absolute value by approximately two orders of magnitude for up and down quarks. Thus, the effect is non-linearly amplified.
Finally, the effects for mixed flavors are shown in figure 5 . This part of the QP has dominantly right-handed contributions in the UV and dominantly left-handed contributions in the IR. The transition appears at about 1 GeV for up and down quarks, which is the same as for the flavor-diagonal ones. In this case we find the same behavior for physical quark masses and for degenerate quark masses.
Increasing the strength does not change this pattern, which is different to the flavor-diagonal elements. Also, we see only a little quantitative change towards lower values of the breaking for physical up and down quark masses. In the case of the QPs from top to bottom quark, we see a different behavior (bottom left of figure 5 ). For physical quark masses, this part of the QP has dominantly right-handed contributions in the UV and IR. But for the degenerate masses, we still have the same transition from dominantly right-handed to dominantly left-handed, which is shown in the bottom right of figure 5 . Thus for the flavor-mixing part the direction of parity violation depends on the absolute value of the mass splitting and not on the the breaking strength, in contrast to the flavor-diagonal case: For the small mass splitting of up to down quark the dressing function behaves as for the flavordiagonal elements below the threshold strength. For top and bottom the mass splitting is big enough to change the qualitative behavior, as it was the case above the threshold strength.
Conclusion
We performed a first step on the way to a fully backcoupled and non-perturbative description of the electroweak and strong interactions. We did this by analyzing the impact of explicit C, P and flavor symmetry violation on the QP. We paid particular attention to the influence on parity violation for the the flavor-conserving and flavor-violating propagation.
EPJ Web of Conferences We found that a threshold scale of breaking exists, where the QP changes its dominant contribution from right-handed in the UV to left-handed in the IR. This pattern changes for physical quark masses of the mixed flavor independently of the strength of the explicit breaking. If the mass splitting was big enough, which was the case for the third generation, but not for the first generation, then the mixed flavor have dominantly right-handed contributions in the UV and in the IR.
The pure flavors exhibits a threshold strength in presence of a mass splitting, where the behavior changes for the heavier flavor. Thus, helicity flips are modified by the backcoupling to QCD at long distances in a qualitative way. Remarkably, the threshold strength depends on the absolute value of the mass splitting and is still perturbatively small. Thus, non-linear effects substantially amplify the impact of the breaking term.
Thus the dynamical back coupling of the electroweak interactions with the strong interactions need further investigations. In particular, in systems with a substantial amount of backcoupling, like binary neutron star mergers, our results could indicate that perturbative calculations may underestimate the importance of the interplay between both sectors. 
